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a b s t r a c t
A series of oxovanadium(V) complexes bearing dianionic [ONNO] chelate ligands 2-[bis(3-R1-5-R2-2 -
hydroxybenzyl) aminomethyl]pyridine (2a: R1 = tBu, R2 =H; 2b: R1 =CF3, R2 =H; 2c: R1 =OCH3, R2 =H;
2d: R1 =R2 = tBu) and 2-[bis(3-R1-5-R2-2 -hydroxybenzyl) aminoethyl]pyridine (2e: R1 =R2 = tBu) have
been synthesized by reacting VO(OnPr)3 with 1.0 equiv. of the ligands in CH2Cl2. All these complexes
were characterized by 1H, 13C, 51V NMR spectra and elemental analysis. X-ray structural analysis for 2d
revealed a six-coordinate distorted octahedral geometry around the vanadium center in the solid state. It
was observed that these complexes existed as a mixture of two isomers, and the main isomer had the oxo
moiety in trans conﬁguration to the tripodal nitrogen atom. In the presence of Et2AlCl and CCl3COOEt,
these complexes displayed high catalytic activities for ethylene polymerization even at elevated reac-
tion temperature, depending on ligand structures. The resultant polymers possessed high molecular
weights andunimodalmolecularweight distributions, indicative of a single active site nature. In addition,
copolymerizations of ethylene and norbornene using precatalysts 2a–e were also investigated, and the
observed catalytic activitywas nearly comparablewith that for ethylene homopolymerization.When the
concentration of comonomer in the feed amounted to 3.0mol/L, a NBE incorporation up to 41.5% could
be achieved. Other reaction parameters that inﬂuenced the polymerization behavior, such as reaction
temperature and Al/V (molar ratio), are also examined in detail.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction
The development of well-deﬁned single-site transition metal
catalysts for oleﬁn polymerization has been intense in recent
years since the properties of the resultant polymers can be
well controlled by catalyst structures [1–5]. Vanadium com-
plexes, as one of the ﬁrst homogeneous Ziegler–Natta catalysts,
have been very attractive and extensively used in the produc-
tion of high molecular weight polyethylene, ethylene/propylene
copolymers, ethylene/propylene/diene elastomers [6–8]. While
deactivation due to the reduction to low-valent, or inactive species
is associated with vanadium catalysts [9–10], the introduction of
ancillary ligands, especially polydentate ancillary ligands, to sta-
bilize active vanadium(V) species has proved to be a powerful
∗ Corresponding authors. Tel.: +86 43185262124.
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approach to keep vanadium in high-oxidation, which subse-
quently prolongs the catalyst life-time [11–23]. For example,
Gibson reported that bis(benzimidazole) amine vanadium(V) cat-
alysts exhibited high activity and ﬁne comonomer incorporation
toward ethylene/norbornene copolymerization even at high reac-
tion temperature [11]. Redshaw and co-workers described a
program of screening high valent vanadyl systems containing
various aryloxides ligands for efﬁcient application in ethylene
polymerizationandethylene/propylene copolymerization [13–15].
Nomura and co-workers obtained a series of vanadium (V) imido
complexes with aryloxide coligands as efﬁcient catalysts for oleﬁn
(co)polymerization, some of which exhibited remarkable catalytic
activities, excellent comonomer incorporating ability at high tem-
perature [17–18]. Our group reported a series of vanadium(V)
complexes bearing trianionic tetradentate amine trihydroxy lig-
ands which displayed remarkable catalytic activities for oleﬁn
polymerizations and were capable of keeping high productivity
within 30min [19a].
http://dx.doi.org/10.1016/j.molcata.2014.12.016
1381-1169/© 2014 Elsevier B.V. All rights reserved.
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Tripodal [ONNO]-H2 are easily synthesized and highly versa-
tile ligands, whose steric and electronic effects can be readily
tuned by changing the substituents in aryloxo or the bridgehead
nitrogen. This ligand family was successfully introduced by Kol
et al. for group IV metal in the report of highly isospeciﬁc liv-
ing polymerization of l-hexane [24,25]. Recently, we developed a
series of [ONN]-type monoanionic amine pyridine(s) phenalate-
based oxovanadium(V) complexes which showed considerablely
high catalytic activities for ethylene (co)polymerization and dis-
played good capability for NBE incorporation [19b]. Considering
that additional anionic aryloxide chelating group would be beneﬁ-
cial for stabilizing catalytically active species and thus improved the
catalytic performance for oleﬁn polymerization, dianionic amine
pyridine bis(phenolate) [ONNO] compounds were introduced as
ancillary ligands. In this study, a series of novel oxovanadium(V)
complexes chelating dianionic 2-[bis(3-R1-5-R2-2-hydroxybenzyl)
aminomethyl]pyridine (2a: R1 = tBu, R2 =H; 2b: R1 =CF3, R2 =H;
2c: R1 =OCH3, R2 =H; 2d: R1 =R2 = tBu) and 2-[bis(3-R1-5-R2-
2-hydroxybenzyl) aminoethyl]pyridine (2e: R1 =R2 = tBu) were
synthesized and characterized. Upon treatment with Et2AlCl and
CCl3COOEt, these complexes not only displayed high catalytic
activities for ethylene polymerization even at high reaction tem-
perature, but also exhibited favorable capability for ethylene/NBE
(co)polymerization, affording copolymers with NBE content up to
41.5%.
2. Experimental
2.1. General procedures and materials
Ethyl trichloroacetate (ETA)were purchased fromAldrich, dried
over calcium hydride at room temperature and then distilled.
VO(OnPr)3, phenol compounds, and amine compounds were pur-
chased from Aldrich. Diethylaluminium chloride was obtained
from Albemarle Corp.
2.2. Procedure for ethylene (co)polymerization
Ethylene polymerizations were conducted in a 300mL scale
stainless steel autoclave with a mechanical stirrer. The reactor
was cleared and baked under nitrogen for 24h at 150◦ C and
subsequently cooled to the required temperature before the poly-
merization. Then, toluene (30mL) and the prescribed amount of
comonomer, a solution of Et2AlCl in toluene, a solution of ETA in
toluene and a toluene solution containing vanadium complex were
introduced into the autoclave via a syringe. Additional toluene was
poured into this system to keep a total volume of 50mL. Soon after
the addition, the reactionapparatuswas thenﬁlledwithethyleneof
the prescribed pressure. Themixturewasmagnetically stirred until
the prescribed reaction time. Then, the reactor was vented, and the
resulted mixture was poured into EtOH/HCl (95/5). The resultant
polymer was collected on a ﬁlter paper by ﬁltration, washed with
EtOH and dried under vacuum at 60 ◦C for 10h.
2.3. Synthesis of amine pyridine bis(phenolate) ligands (1a–e)
A series of [ONNO]H2 ligands 2-[bis(3-R1-5-R2-2-
hydroxybenzyl) aminomethyl]pyridine bearing different
substituents on R1 and R2 positions (1a: R1 = tBu, R2 =H; 1b:
R1 =CF3, R2 =H; 1c: R1 =OCH3, R2 =H; 1d: R1 =R2 = tBu) and
2-[bis(3-R1-5-R2-2-hydroxybenzyl) aminoethyl]pyridine (1e:
R1 =R2 = tBu) were prepared according to literature procedures
(see Supporting information) [24–26]
2.4. Synthesis of oxovanadium(V) complexes (2a–f)
The precedure was manipulated in glove-box ﬁlled with nitro-
gen. To a stirred solution of VO(OnPr)3 (244mg, 1.0mmol) in dried
CH2Cl2 (15mL) was slowly added a solution of ligand 1a (432mg,
1.0mmol) in CH2Cl2 (20mL). After stirring for 8h at room temper-
ature, the dark blue reaction mixture was concentrated to about
2mL. Crystallization by diffusion of n-hexane (12mL) into the clear
solution yielded black crystals of 2a (457mg, 67%). Compounds
2b-d were prepared according to the same procedure.
2a: 1HNMR (400MHz, CDCl3) ı 9.05 (d, J=5.4Hz, 1H, Ar-H), 7.39
(t, J=7.7Hz, 1H, Ar-H), 7.08 (d, J=7.8Hz, 2H, Ar-H), 7.05–6.98 (m,
1H, Ar-H), 6.93 (d, J=7.3Hz, 2H, Ar-H), 6.63 (t, J=7.5Hz, 2H, Ar-
H), 6.58 (d, J=7.8Hz, 1H, Ar-H), 5.23 (t, J=6.6Hz, 2H, OCH2), 4.60
(d, J=12.5Hz, 2H, NCH2), 3.79 (s, 2H, NCH2), 3.38 (d, J=12.5Hz,
2H, NCH2), 1.82 (h, J=7.1Hz, 2H, CH2), 1.36 (s, 18H, CH3), 0.91
(t, J=7.4Hz, 3H, CH3). 13C NMR (101MHz, C6D6) ı 156.34, 152.68,
148.45, 138.88, 137.91, 128.13, 127.05, 126.38, 125.35, 119.26,
117.79, 86.12, 60.61, 56.50, 34.92, 30.17, 62.69, 26.10, 10.90. 51V
NMR (105MHz, CDCl3):  -452.28. Anal. calcd for C31H41N2O4V: C,
66.89; H, 7.42; N, 5.03. Found: C, 67.03; H, 7.48; N, 4.96.
Complex 2b was obtained as brown powder in 76% yield. 1H
NMR (400MHz, CDCl3) ı 8.78 (d, J=4.7Hz, 1H, Ar-H), 7.50 (t,
J=7.5Hz, 2H, Ar-H), 7.34 (d, J=7.6Hz, 2H, Ar-H), 7.22 (d, J=7.4Hz,
2H, Ar-H), 7.17–7.07 (m, 1H, Ar-H), 6.82 (d, J=7.6Hz, 1H, Ar-H),
6.69 (t, J=7.6Hz, 2H, Ar-H), 5.92 (t, J=6.5Hz, 2H, OCH2), 4.66 (d,
J=11.2Hz, 2H, NCH2), 3.96 (s, 2H, NCH2), 3.86 (d, J=13.5Hz, 2H,
NCH2), 2.09–1.96 (m, 2H, CH2), 1.13 (t, J=7.4Hz, 3H, CH3). 13C NMR
(101MHz, CDCl3) ı 164.92, 154.43, 149.08, 138.3, 132.15, 126.89,
126.42, 125.43, 123.60, 123.04, 121.07, 117.41, 90.76, 63.32, 61.44,
63.08, 26.08, 10.67. 19F NMR (376MHz, CDCl3) ı −68.42 (s). 51V
NMR (105MHz, CDCl3): ı −494.60. Anal. calcd for C25H23F6N2O4V:
C, 51.74; H, 3.99; N, 4.83. Found: C, 51.89; H, 4.02; N, 4.76.
Complex 2c was obtained as dark blue crystals in 54% yield. 1H
NMR (400MHz, CDCl3) ı 8.93 (d, J=5.3Hz, 1H), 7.42 (t, J=7.8Hz,
1H, Ar-H), 7.21–7.13 (m, 2H, Ar-H), 7.01–6.94 (m, 1H, Ar-H), 6.76 (t,
J=7.4Hz, 2H, Ar-H), 6.63–6.57 (d, J=7.4Hz, 2H, Ar-H), 6.51–6.45
(m, 1H, Ar-H), 5.69 (t, J=6.6Hz, 2H, OCH2), 4.42–4.35 (m, 2H,
NCH2), 3.79 (s, 6H, OCH3), 3.52–3.41 (m, 4H, NCH2), 1.48–1.39 (m,
2H, CH2), 0.88 (t, J=7.4Hz, 3H, CH3) 13C NMR (101MHz, CDCl3)
ı 161.89, 156.31, 152.63, 148.46, 138.81, 137.92, 128.15, 127.03,
126.32, 125.38, 119.24, 117.77, 86.15, 63.12, 62.60, 55.31, 47.02,
26.14, 10.92.51V NMR (105MHz, CDCl3): ı −441.10. Anal. calcd for
C25H29N2O4V: C, 59.52; H, 5.79; N, 5.55. Found: C, 59.66; H, 5.83;
N, 5.48.
Complex 2dwas obtained as black crystals in 65% yield. 1H NMR
(400MHz, CDCl3) ı 9.03 (d, J=5.1Hz, 1H, Ar-H), 7.34 (t, J=7.6Hz,
1H, Ar-H), 7.07 (d, J=2.1Hz, 2H, Ar-H), 6.98 (t, J=6.4Hz, 1H, Ar-H),
6.90 (d, J=2.0Hz, 2H, Ar-H), 6.50 (s, 1H, Ar-H), 5.13 (t, J=6.6Hz, 2H,
OCH2), 4.58 (d, J=12.3Hz, 2H,NCH2), 3.74 (s, 2H), 3.35 (d, J=12.4Hz,
2H, NCH2), 1.82 (h, J=7.1Hz, 2H, CH2), 1.36 (s, 18H, CH3), 1.24 (s,
18H, CH3), 0.91 (t, J=7.4Hz, 3H, CH3). 13C NMR (101MHz, CDCl3)
ı 163.63, 156.34, 152.57, 148.22, 141.73, 139.84, 138.25, 135.71,
124.52, 122.88, 121.91, 120.10, 85.22, 63.12, 62.83, 56.54, 35.05,
34.38, 30.06, 26.23, 25.96, 10.85. 51V NMR (105MHz, CDCl3): ı
−452.28. Anal. calcd for C39H57N2O4V: C, 70.04; H, 8.59; N, 4.19.
Found: C, 70.10; H, 8.64; N, 4.11.
Complex 2e was obtained as dark green powder in 72% yield.
Trans-conﬁguration: 1H NMR (400MHz, CDCl3)  8.92 (d, J=4.8Hz,
1H,Ar-H), 7.33 (td, J=7.6, 1.4Hz, 1H, Ar-H), 7.23 (d, J=2.2Hz, 2H,
Ar-H), 7.02 (d, J=6.2Hz, 1H, Ar-H), 7.01–6.98 (m, 1H, Ar-H), 6.92 (d,
J=2.1Hz, 2H, Ar-H), 6.48 (d, J=7.7Hz, 1H, Ar-H), 5.54 (t, J=6.6Hz,
2H, OCH2), 5.01 (d, J=14.3Hz, 2H, NCH2), 3.75 (d, J=14.4Hz, 2H,
NCH2), 3.03 (t, J=6.5Hz, 2H, NCH2), 2.74 (m, 2H, NCH2), 1.87 (dt,
J=14.1, 5.1Hz, 2H, CH2), 1.30 (s, 18H, CH3), 1.29 (s, 18H, CH3), 1.02
(t, J=7.4Hz, 3H, CH3). 13C NMR (101MHz, CDCl3)  159.06, 149.76,
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141.47, 136.20, 135.58, 123.31, 123.06, 121.32, 121.08, 87.45, 64.43,
63.90, 52.46, 34.95, 34.31, 31.69, 29.72, 26.73, 22.65, 14.11, 10.76.
51VNMR(105MHz,CDCl3): -488.61.Anal. calcd forC40H59N2O4V:
C, 70.36; H, 8.71; N, 4.10. Found: C, 70.42; H, 8.80; N, 4.01.
Cis-conﬁguration: 1HNMR (400MHz, CDCl3) ı 8.88 (s, 1H, Ar-H),
7.42 (td, J=7.6, 1.4Hz, 1H, Ar-H), 7.27 (s, 1H, Ar-H), 7.07–7.04 (m,
1H, Ar-H), 7.01 (s, 1H, Ar-H), 6.90 (d, J=2.1Hz, 1H, Ar-H), 6.59 (d,
J=7.6Hz, 1H, Ar-H), 5.44 (t, J=6.7Hz, 1H, OCH2), 4.26 (d, J=13.9Hz,
1H, NCH2), 3.62 (d, J=13.8Hz, 1H, NCH2), 3.12 (t, J=6.5Hz, 2H,
NCH2), 2.83 (m, 2H, NCH2), 1.81–1.76 (m, 2H, CH2), 1.39 (s, 18H,
CH3), 1.30 (s, 18H, CH3), 0.96 (t, J=7.4Hz, 3H, CH3). 13C NMR
(101MHz, CDCl3)  160.40, 159.73, 142.59, 136.57, 135.99, 134.07,
123.61, 123.06, 121.41, 88.10, 64.70, 55.50, 35.00, 34.36, 31.59,
29.88, 26.56, 22.65, 14.11, 10.67. 51V NMR (105MHz, CDCl3): ı
−437.81.
3. Results and discussion
3.1. Synthesis and characterization of oxovanadium(V) complexes
The tetradentate amine pyridine bis(phenolate) ligands 1a–e
were prepared via literature procedures using a Mannich conden-
sation of the corresponding phenol with amine and formaldehyde
(see Scheme S1 in Supporting information) [24,26]. The ligand 1a
with a bulky tBu group in the ortho position to the oxygen atoms
may be in favor of stabilizing the active species and inhibiting
chain transfer reactions. In order to investigate the effect of the
substituents on the catalytic characteristics, the ligands 1b–c were
prepared by introducing CF3 or MeO group instead of tBu in the
ortho position of the phenoxide. For comparison, ligand 1d with
bulky tBu groups in both the ortho and para position were also
synthesized. Considering that a larger chelate ring may result in
different bond lengths and angles around the metal and thus affect
its catalytic properties, we tried to introduce an additional methy-
lene unit between the central nitrogen donor and side pyridine.
However, the effort to obtain the desired ligand with MeO group
ortho to phenolic hydroxyl moiety with an additional methylene
unit was in vain. Fortunately, the synthesis of ligand 1e with bulky
tBu groups and an additional methylene unit was successful with
high yield.
A general synthetic route of thenovel vanadiumcomplexesused
in this study is shown in Scheme 1. Complexes 2a–e were pre-
pared in moderate to good yields (54–76%) by reacting equimolar
amounts of [ONNO]H2 1a–e with VO(OnPr)3 at ambient tempera-
ture in dry CH2Cl2. Analytically pure samples were collected from
a concentrated CH2Cl2 solution layered with hexane at −30 ◦C. The
resultant complexes were identiﬁed by 1H, 13C, 51V NMR spectra
and elemental analysis. Moreover, complex 2c was further charac-
terized by 19F NMR spectrum.
1HNMR spectra conﬁrms a 1:1 ratio of n-propoxy to amine pyri-
dine(s) phenolate ligand. The resonances assigned to the bridge
-NCH2 protons become broad in the 1H NMR spectra of 2a–e, sug-
gesting the coordination of nitrogen atom to vanadium. Similar to
the amine bis(phenolate) oxovanadium(V) complexes reported by
Lorber et al., [23], the 1H NMR spectra of complexes 2a–b and 2d–e
revealed the presence of two isomers (A and B). Interestingly, a
ratio of major:minor A:B ca. 3:1 was found in complex 2e, while
only minor amount of isomer B (<10%) was observed in complexes
2a–b and 2d. The signals for the two isomers (−488.61ppm and
−437.81ppm) were also detected in the 51V NMR spectrum of 2e
(see Supporting information in Fig. S1).
Additionally, there was little signiﬁcant difference (in toluene-
d8, from 0 to 90 ◦C) in the NMR spectra of these systems at variable
temperatures, suggesting that the interconversionbetween the two
isomers is not possible within the temperature range studied. This
phenomenon was indicative of the formation of rigid, mononu-
clear Cs symmetrical isomer complexes, in which the aryloxide
ligands are in a trans conﬁguration, with oxo and alkoxo ligands
being either in cis or trans conﬁguration to the tripodal N donor
atom (Fig. 1). Only weak correlation between alkoxo moiety and
H* (the H ortho to nitrogen atom of pyridine, ı 8.92ppm) was
observed inNOESYexperiments (see Supporting information in Fig.
S2) [23a]. This illustrated that the alkoxo ligand tended to deviate
from the pyridine ligand and the main isomer of 2e possessed an
oxo function being trans to the tripodal N donor atom, unlike the
amine bis(phenolate) oxovanadium(V) complexes reported by Lor-
ber et al., in which the cis conﬁguration existed as the main isomer
[23a,c].
Crystals of 2d suitable for crystallographic analysis were grown
from a chilled concentrated CH2Cl2/hexane mixture solution. The
crystallographic data together with the collection and reﬁne-
ment parameters are summarized in Table S1 (see Supporting
information). Complex 2d adopts a distorted octahedral geom-
etry around the vanadium center in the solid state as shown
in Fig. 2, in which the equatorial positions are occupied by
the two oxygen atoms in aryloxide and the nitrogen atom in
pyridine ring of the chelating amine bis-pyridine phenolate lig-
and as well as the oxygen atom in n-propoxy ligand. The oxo
function and the central nitrogen are coordinated on the axial posi-
tion. The two oxygen atoms in aryloxide of the chelating amine
bis-pyridine phenolate ligand for complex 2d are in the trans posi-
tion to each other, and the pyridine ligand displays a tendency
toward O(3) in aryloxide instead of situating in the exact mid-
dle between O(2) and O(3), as an evidence from the O(3) V O(4)
bond angles as well as the sum of bond angles around V (ca.
OH
R1
N
HO
R1
R2R2
N
VO(OnPr)3
O
R1
N
R2
V
OPr
2a: n = 1, R1 = tBu, R2 = H 2b: n = 1, R1 = CF3, R2 = H 2c: n = 1, R1 = OCH3, R2 = H
2d: n = 1, R1 = R2 = tBu
N
n
O
O
R1
R2
2e: n = 2, R1 = R2 = tBu
n
1a-e 2a-e
Scheme 1. General synthetic route to oxovanadium(V) complexes 2a–e.
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O
O
trans-2e cis-2e
* *
Fig. 1. trans and cis conﬁguration of the two isomers in complex 2e.
Fig. 2. Molecular structure of complex 2d with thermal ellipsoids at 30% probability level. Hydrogen atoms are omitted for clarity. Selected bond distances (Å) and bond
angles (◦): V(1) O(1), 1.609(3); V(1) O(4), 1.816(3); V(1) O(2), 1.837(3); V(1) O(3), 1.891(3); V(1) N(2), 2.232(3); V(1) N(1), 2.370(3); O(1) V(1)-O(4), 105.83(14);
O(1) V(1)-O2, 96.34(14); O(4) V(1)-O(2), 95.06(13); O(1)-V(1) O(3), 95.04(14); O(4) V(1) O(3), 90.61(13); O(2) V(1) O(3), 165.39(12); O(1) V(1) N(2), 89.81(13);
O(4) V(1) N(2), 162.85(13); O(2) V(1) N(2), 90.07(12); O(3) V(1) N(2), 80.83(12); O(1) V(1) N(1), 162.40(13); O(4) V(1) N(1), 91.77(12); O(2) V(1) N(1),
82.00(11); O(3) V(1) N(1), 84.38(11); N(2) V(1) N(1) 72.71(11).
360◦; O(2) V(1) O(4), 95.06(13)◦; O(2) V(1) N(2), 90.07(12)◦;
O(3) V(1) O(4), 90.61(13)◦; O(3) V(1) N(2), 80.83(12)◦).
Note that the three V O bond lengths in the equa-
torial positions are apparently different with the order of
V(1) O(4) <V(1) O(2) <V(1) O(3), the reason ofwhich is not clear
at this moment. The V N(2) bond distance of 2.232(3)Å is shorter
than the V N(1) bond distance of 2.370(3), suggesting a stronger
binding of the sidearm pyridine ligand to the central vanadium
atom. This result possibly arises from a trans effect of the oxo
group reﬂecting its trans-labilizing ability. Similar results were also
observed in the vanadiumcomplex of a chealting dianonic [ONNO]-
type amine bis(phenolate) ligand reported by Lorber, in which oxo
ligand was in cis conﬁguration to the tripodal N atom while the
bond length of V with sidearm NMe2 was longer than tripodal N V
bond [23a].
3.2. Ethylene polymerization
These new vanadium(V) complexes were investigated as cata-
lysts for ethylene polymerization in the presence of the cocatalyst
Et2AlCl and the reactivating agent ethyl trichloroacetate (ETA).
Complexes 2a–e displayed much higher activities for ethylene
polymerizationwith the ethylenepressure of 4 atm than thosewith
1 atm. Meanwhile, a series of experiments were undertaken to test
the effect of reaction temperature on the catalyst performance, and
50 ◦C seemed to be favored. Therefore, ethylene pressure of 4 atm
and reaction temperature of 50 ◦C were chosen as the reaction con-
ditions. The typical results are summarized in Table 1.
Complex 2a with a tert-butyl group in the ortho posi-
tion of the oxygen atom in the amine pyridine bis(phenolate)
ligand showed moderate catalytic activity for ethylene polymer-
ization, affording high molecular weight (MW) polymer with
unimodal molecular weight distribution (MWD). Catalyst 2b with
an electron-withdrawing group (R1 =CF3) displayed relatively
lower catalytic activity (1.68 vs 2.64kg PE/mmolV h, entry 3 vs
entry 1) compared with complex 2a. Instead, complex 2c with
electron-donating group of OCH3 in the ortho position was twice
more active than 2a (6.00 vs 2.64kg PE/mmolV h, entry 5 vs
entry 1). This difference might be closely related with the rate-
determining process during the polymerization. Complex 2b with
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Table 1
Ethylene polymerization catalyzed by 2a–e.a
Entry Catalyst
(mol)
Al/V
(molar ratio)
E
(atm)
Time
(min)
Yield
(g)
Activity
(kg/mmolV h)
Mw b
(kDa)
Mw/Mn b
1 2a (0.5) 4000 4 5 0.11 2.64 203 2.2
2 2a (0.5) 4000 4 15 0.31 2.48 211 2.1
3 2b (0.5) 4000 4 5 0.07 1.68 178 2.1
4 2b (0.5) 4000 4 15 0.22 1.76 196 2.1
5 2c (0.5) 4000 4 5 0.25 6.00 135 1.8
6 2c (0.5) 4000 4 15 0.71 5.68 113 1.9
7 2d (0.5) 4000 4 5 0.14 3.36 193 2.5
8 2d (0.5) 4000 4 15 0.40 3.20 184 2.3
9 2e (0.5) 4000 4 5 1.35 32.4 119 2.1
10 2e (0.5) 500 4 5 0.46 11.0 164 2.2
11 2e (0.5) 2000 4 5 1.03 27.7 135 2.1
12 2e (0.5) 6000 4 5 1.42 34.1 99.6 2.3
13 2e (0.5) 4000 2 5 0.73 17.5 108 2.0
14 2e (0.5) 4000 1 5 0.13 3.12 70.3 1.9
15 2e (0.2) 4000 4 5 0.49 29.4 137 2.0
16c 2e (0.5) 4000 4 5 1.05 25.2 72.8 2.0
17 I d ((0.5) 4000 4 5 2.14 51.4 158 2.6
18c I d ((0.5) 4000 4 5 1.25 30.0 79.1 2.4
a Reaction conditions: Et2AlCl as the cocatalyst, ETA/V=300 (molar ratio), Vtotal = 50mL, polymerization for 5min at 50 ◦C.
b Weight-average molecular weight and polydispersity index determined by high temperature GPC at 150 ◦C in 1,2,4-C6Cl3H3 vs narrow polystyrene standard.
c Polymerization at 70 ◦C
d [ONN]-typed oxovanadium(V) complex chelating 2-[(N-Me(3,5-tBu2-hydroxybenzyl) amino) methyl] pyridine [19b].
electron-withdrawing group is beneﬁt for ethylene coordination
for its higher electrophilicity, but the catalytic species with less
protection tends to be reduced to inactive species and thus results
in its low catalytic activity. Compared to catalyst 2b, the electron-
donating group of catalyst 2c could better stabilize the active
catalytic species, leading to relatively higher activity for ethylene
polymerization. Catalyst2dwith tert-butyl groupsboth inorthoand
para position displayed a slightly higher catalytic activity, produc-
ingpolymerswith similarMWcomparedwith complex2a. Relative
to 2d, the precursor 2e with an additional methylene unit between
the central nitrogen atomand side pyridine donorwas investigated
for ethylene polymerization. Note that this change brought about
dramatic improvement in the catalytic performance, and an anal-
ogous results happened to vanadyl(V) N-capped tris(phenolate)
complexes have been reported by Redshaw et al., [15a]. Com-
plex 2edisplayed the highest catalytic activity of 32.4 kg/mmolv ×h
among these complexes. It proved that a proper reduced conges-
tion around themetal center could effectively enhance the catalytic
performance, although the exact catalytic active species remains
ambiguous.
The effect of reaction parameters like the Al/V molar ratio,
ethylene pressure and reaction time on polymerization behav-
ior was further investigated with the 2e catalytic system. It was
found that the catalytic activity was signiﬁcantly inﬂuenced by
Al/V molar ratio. Note that even at a low amount of Et2AlCl
(Al/V molar ratio =500), complex 2e still showed high activity
of 11.0 kg/molv ×h towards ethylene polymerization (entry 10).
However, the MWs of the resultant polymers decreased upon the
enhancementofAl/Vmolar ratio (Fig. 3), suggesting thechain trans-
fer to aluminum occurred during polymerization. Unlike the amine
bis(phenolate) oxovanadium(V) complexes (reported by Lorber et
al) that displayed favorable catalytic activity in atmospheric pres-
sure [23c], complex 2e was moderately activie in this condition,
but showed dramatic improvement when the ethylene pressure
was promoted from 1atm to 4atm. Elevating ethylene pressure
led to the increase both in the polymer yields and the MWs of the
resultant polymers (entries 9, 13–14), indicative of minor or no
chain transfer to ethylenemonomer. To explore the inﬂuence of the
polymerization time, the polymerization results for 15min were
also investigated, and little disparity was found compared with
those for 5min. Notably, the catalytic activity of 2e could be kept
in high level within 30min at 50 ◦C, indicative of a long life time for
0 1000 2000 3000 4000 5000 6000
10
15
20
25
30
35
100
120
140
160
Al/V (molar ratio)
A
ct
iv
ity
? 1
06
g/
m
o
l V
 
h?
M
W
(k
g/
m
o
l )
Fig. 3. Plots of the catalytic activity of 2e and the MW of the resultant polyethylene
vs Al/V molar ratio (0.5mol catalyst, 5min, 50 ◦C, 4 atm of ethylene).
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Fig. 4. Kinetic proﬁles of ethylene polymerization using 2e (0.2mol catalyst,
Al/V=4000, 50 ◦C, 4 atm ethylene).
ethylene polymerization. The polymer yields showed an increas-
ing tendency with the reaction time, although the activity was
slightly decreased (Fig. 4). Moreover, to compare the thermal sta-
bility between previously reported [ONN]-typed oxovanadium(V)
and [ONNO] oxovanadium(V) complexes in this work, complex I
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Table 2
Ethylene/norbornene copolymerization by 2a-f.a
Entry Catalyst
(mol)
Al/V
(molar
ratio)
NBE
(mol/L)
Yield
(g)
Activity
(kg/mmolV h)
NBE
Incorp.c
Mw b
(kDa.)
Mw/Mn b
1 2a((0.5) 4000 0.5 0.12 2.88 21.3 236 1.8
2 2b((0.5) 4000 0.5 0.29 6.96 20.1 156 2.1
3 2c((0.5) 4000 0.5 0.88 21.1 21.7 130 1.9
4 2d((0.5) 4000 0.5 0.38 9.12 20.8 266 1.8
5 2e((0.5) 4000 0.5 1.55 37.2 21.5 285 1.9
6 2e((0.5) 2000 0.5 0.83 19.9 18.0 321 2.1
7 2e((0.5) 6000 0.5 1.70 40.8 22.4 142 1.9
8 d 2e((0.5) 4000 0.5 1.18 28.3 23.0 40.3 1.7
9 2e((0.5) 4000 0.1 1.05 25.2 8.1 140 2.5
10 2e((0.5) 4000 0.3 1.13 27.1 15.3 226 2.3
11 2e((0.5) 4000 0.7 1.29 31.0 24.9 151 2.0
12 2e((1.0) 4000 2.0 0.78 9.4 37.0 13.9 1.4
13 2e((1.0) 4000 3.0 0.45 5.4 41.5 12.8 1.5
a Reaction conditions: Catalyst 0.5mol, Et2AlCl as a cocatalyst, ETA/V=300 (molar ratio), ethylene 4atm, Vtotal = 50mL, copolymerization for 5min at 50 ◦C.
b Weight-average molecular weight and polydispersity index of the copolymer samples determined by high temperature GPC at 150 ◦C in 1,2,4-C6Cl3H3 vs narrow
polystyrene standard.
c NBE incorporation (mol%) estimated by 13C NMR spectra.
d Polymerization at 70 ◦C.
and 2e were selected and the ratio of catalytic activity under 75 ◦C
and 50 ◦C (A75/A50)was investigated. It was found that the catalytic
activity of 2e was well kept at elevated temperature (A75/A50 0.78
for 2e vs 0.58 for I), which means that the additional anionic ary-
loxide chelating moiety did improve the thermal stability of the
active center. As conﬁrmed by the 13C NMR spectra, the resultant
polymers were linear polyethylenes. No unsaturated end groups
were detected in 1H NMR spectra, consistent with the former con-
clusion that chain-transfer to alkylaluminium was the dominant
chain-transfer pathway during the polymerization.
3.3. Copolymerization of ethylene with norbornene
In order to evaluate the catalytic properties of these novel
vanadium(V) complexes, the copolymerizations of ethylene with
norbornene (NBE) by complexes 2a–e were also studied, and the
representative results are summarized in Table 2. It was revealed
that these complexes exhibited both high catalytic activities and
favorable potentials to insert NBE into polymer chains. The struc-
tures of the chelating dianionic ligands exert a signiﬁcant inﬂuence
on the ethylene/NBE copolymerization behavior as well. Complex
2a rather than complex 2b bearing CF3 groups showed the low-
est catalytic activity, which was an interesting contrast to that
found in ethylene homopolymerization. It means that steric effect
exertedmore important inﬂuenceoncatalytic activity towardethy-
lene/NBE copolymerization than the electronic effect, due to the
introduction of the bulky NBE. When OCH3 was introduced into
the ortho position (complex 2c), an even higher catalytic activ-
ity was observed, while the Mw of resultant polymer was much
lower. Complex 2d with an additional tert-butyl group at the para
positionof aryloxidemoietywasmore active than catalyst2a. Com-
pared to catalyst 2d, complex 2e with a reduced congestion degree
around the metal center exhibited much higher catalytic activity
(37.2 vs 9.12kg PE/mmolV h, entry 5 vs entry 4) but the NBE incor-
porations were similar (21.5mol% vs 20.8mol%). It seems that the
incorporation of NBE (20.1–21.5mol%) was somehow independent
of the catalyst structure, while the catalytic activities and MW val-
ues varied a lot owing to the changes in ligands. Whereas, a linear
promotion of NBE incorporation was observed upon enhancement
of comonomer concentration (Fig. 5), and the NBE incorporation
could be efﬁciently increased to 41.5% when the concentration of
NBE amounted to 3.0mol/L (entry 13).
All the copolymers produced using these catalyst systems pos-
sessed relatively high MWs and narrow and unimodal MWDs,
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Fig. 5. Plots of the catalytic activity of 2e and NBE incorporation of the resultant
copolymer vs NBE feed (0.5 mol catalyst, 5 min, 50 ◦C, 4 atm ethylene).
indicative of the formation of a single catalytically active species
during the copolymerization. It is interesting to note that high
catalytic activity was observed even at a lower Al/V molar ratio
(entry 6), and the enhanced amount of cocatalyst brought out pos-
itive inﬂuences toward the activity as well as the NBE content of
the copolymers (runs 5–7, Al/V molar ratio =2000–6000). Never-
theless, the MW values of the resultant polymers were decreased
upon the increase of Al/V molar ratio employed, suggesting that
the dominant chain transfer reactions in the copolymerization was
chain transfer to Al,whichwas consistentwith the results observed
at ethylene homopolymerization. Meanwhile, a well kept catalytic
activity was observed in elevated reaction temperature, affording
copolymerwithhigherNBE content,which also conﬁrmed thegood
thermal stability of complex 2e .
The microstructure of the resultant copolymers has been inves-
tigated by 13C NMR techniques. The norbornene incorporations
were calculated according to the formula previously established,
[27–28] and the signals were assigned according to the literature
[27–30]. The peaks at ı 47.7, 42.2 and33.5were assigned to isolated
or alternating syndiotactic C2/C3, C1/C4, and C7, respectively, and
the peaks of 30.1–30.7ppm were assigned to C5/C6 and polyethy-
lene sequences (Fig. 6). The appearance of the peaks at 48.4, 47.9,
42.7 and 31.3ppm are attributed to alternating isotactic C2/C3,
C1/C4, and E carbon, respectively. The presence of the peaks at
33.5ppm and absence of the peaks in the region of 36–37ppm
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Fig. 6. 13C NMR spectra of ethylene/NBE copolymer with different NBE incorpora-
tion produced by 2e: (a) 41.5mol% (entry 13) and (b) 21.5mol% (entry 5) in Table 2.
indicate that C7 is exo–exo but not endo–endo or endo–exo
enchained. This reveals that the polymers formed by catalyst 2e
possessedboth isolatedNBEunits andE/NBEalternating sequences.
While no resonance ascribed to repeated NBE insertion was
observed, which was similar to our previous results [30], the E/NBE
dyad fraction increased with enhancing NBE concentration and a
highly alternating structure can be obtained.
4. Conclusion
A new family of VO(OnPr)L catalysts (2a–e) were introduced,
where L are dianionic [ONNO]H2 ligands synthesized through
single-step Mannich condensations. X-ray structural analyses
showed that complex 2d adopts a distorted octahedral geometry
around the vanadiumcentre in the solid state. Amixture of two iso-
mers (trans and cis conﬁguration) was found in these complexes,
and the main isomer was proven to have the oxo function in trans
conﬁguration to the tripodal N atom. In the presence of Et2AlCl
as a cocatalyst and Cl3CCOOEt as a reactivating agent, these novel
oxovanadium(V) complexes displayed high catalytic activity and
excellent thermal stability for ethylene polymerization, affording
high molecular weight polymers with unimodal molecular weight
distributions. It is noteworthy that an additional methylene unit
between sidearm pyridine and tripodal N brought about signiﬁ-
cant promotion in activity, affording a catalytic activity of up to
32.4 kg/mmolV h. Moreover, they were able to efﬁciently promote
ethylene/NBE copolymerization, producing high molecular weight
copolymers with NBE content in wide range through the adjust-
ment of ligand structures and the reaction conditions employed.
With the enhancementofNBE in feed, copolymerwith ahigherpro-
portion of alternating structure was obtained. We believe that the
observation in this studywouldprovidehelpful information for fur-
ther designing of efﬁcient oxovanadium(V) oleﬁn polymerisation
catalysts.
Supplementary data
General synthetic route of [ONNO]-Type amine pyridine
bis(phenolate) ligands1a-e; Crystal data and structure reﬁnements
of complexes 2d; The 51V NMR spectrum of complex 2e; NOESY
spectra for complex 2e; Detailed experimental procedures.
Acknowledgement
The authors are grateful for ﬁnancial support by the National
Natural Science Foundation of China (No. 21234006).
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.molcata.2014.
12.016.
References
[1] (a) T. Matsugi, T. Fujita, Chem. Soc. Rev. 37 (2008) 1264;
(b) D. Takeuchi, Dalton Trans. 39 (2010) 311;
(c) K. Nomura, S. Zhang, Chem. Rev. 111 (2011) 2342;
(d) J.Q. Wu, Y.S. Li, Coord. Chem. Rev. 255 (2011) 2303;
(e) C. Redshaw, Y. Tang, Chem. Soc. Rev. 41 (2012) 4484.
[2] (a) K. Angermund, G. Fink, V.R. Jensen, R. Kleinschmidt, Chem. Rev. 100 (2000)
1457;
(b) M. Bochmann, J. Organomet. Chem. 689 (2004) 3982;
(c) P.C. Mohring, N.J. Coville, Coord. Chem. Rev. 250 (2006) 18;
(d) B. Wang, Coord. Chem. Rev. 250 (2006) 242.
[3] (a) E.Y.-X. Chen, T.J. Marks, Chem. Rev. 100 (2000) 1391;
(b) H. Li, T.J. Marks, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 15295.
[4] K. Manz, G.A. Medvedev, S. Krishnamurthy, J. Sharma, K.T. Thomson, W.N.
Delgass, J.M. Caruthers, M.M. Abu-Omar, J. Am. Chem. Soc. 129 (2007) 3776.
[5] (a) H. Krauledat, H.H. Brintzinger, Angew. Chem. Int. 29 (1990) 1412;
(b) W.E. Piers, J.E. Bercaw, J. Am. Chem. Soc. 112 (1990) 9406;
(c) G.W. Coates, R.M. Waymouth, J. Am. Chem. Soc. 113 (1991) 6270.
[6] (a) W.L. Carrick, J. Am. Chem. Soc. 80 (1958) 6455;
(b) W.L. Carrick, R.W. Kluiber, E.F. Bonner, L.H. Wartman, F.M. Rugg, J.J. Smith,
J. Am. Chem. Soc. 82 (1960) 3883.
[7] D.L. Christman, G.I. Keim, Macromolecules 1 (1968) 358.
[8] Y. Doi, S. Ueki, T. Keii, Macromolecules 12 (1978) 814.
[9] D.D. Devore, J.D. Lichtenhan, F. Takusagawa, E.A. Maatta, J. Am. Chem. Soc. 109
(1987) 7408.
[10] H. Hagen, J. Boersma, G. van Koten, Chem. Soc. Rev. 31 (2002) 357.
[11] A.K. Tomov, V.C. Gibson, D. Zaher, M.R.J. Elsegood, S.H. Dale, Chem. Commun.
17 (2004) 1956.
[12] K. Takaoki, T. Miyatake, Macromol. Symp. 157 (2000) 251.
[13] (a) C. Redshaw, L. Warford, S.H. Dale, M.R.J. Elsegood, Chem. Commun. 17
(2004) 1954;
(b) C. Redshaw, M.A. Rowan, L. Warford, D.M. Homden, A. Arbaoui, M.R.J.
Elsegood, S.H. Dale, T. Yamato, C.P. Casas, S. Matsui, S. Matsuura, Eur. J. Chem.
13 (2007) 1090;
(c) A. Arbaoui, C. Redshaw, D. Homden, J.A. Wright, M.R.J. Elsegood, Dalton
Trans. 41 (2009) 8911.
[14] V.C. Gibson, C. Redshaw, M.R.J. Elsegood, Dalton Trans. 6 (2001) 767.
[15] (a) C. Redshaw, M.A. Rowan, D.M. Homden, S.H. Dale, M.R.J. Elsegood, S.
Matsui, S. Matsuura, Chem. Commun. 31 (2006) 3329;
(b) D.M. Homden, C. Redshaw, D.L. Hughes, Inorg. Chem. 46 (2007) 10827;
(c) D. Homden, C. Redshaw, J.A. Wright, D.L. Hughes, M.R.J. Elsegood, Inorg.
Chem. 47 (2008) 5799;
(d) L. Clowes, M. Walton, C. Redshaw, Y. Chao, A. Walton, P. Elo, V. Sumerin,
D.L. Hughes, Cat. Sci, Tech. 3 (2013) 152;
(e) C. Redshaw, L. Clowes, D.L. Hughes, M.R.J. Elsegood, T. Yamato,
Organometallics 30 (2011) 5620;
(f) L. Clowes, C. Redshaw, D.L. Hughes, Inorg. Chem. 50 (2011) 7838.
[16] (a) C. Redshaw, Dalton Trans. 39 (2010) 5595;
(b) K. Nomura, W.J. Zhang, Chem. Sci. 1 (2010) 161.
[17] (a) S. Zhang, K. Nomura, J. Am. Chem. Soc. 132 (2010) 4960;
(b) A. Igarashi, S. Zhang, K. Nomura, Organometallics 31 (2012) 3575;
(c) K. Nomura, A. Igarashi, W.J. Zhang, W.H. Sun, Inorg. Chem. 52 (2013) 2607.
[18] (a) K. Nomura, A. Sagara, Y. Imanishi, Macromolecules 35 (2002) 1583;
(b) W. Wang, K. Nomura, Macromolecules 38 (2005) 5905;
(c) W. Wang, K. Nomura, Adv. Synth.Catal. 348 (2006) 743;
(d) Y. Onishi, S. Katao, M. Fujiki, K. Nomura, Organometallics 27 (2008)
2590;
(e) S. Zhang, S. Katao, W.H. Sun, K. Nomura, Organometallics 28 (2009) 5925.
[19] (a) J.Q. Wu, J.S. Mu, S.W. Zhang, Y.S. Li, J. Polym. Sci. Part A: Polym. Chem. 48
(2010) 1122;
(b) J.B. Wang, L.P. Lu, J.Y. Liu, Y.S. Li, Dalton Trans. 43 (2014) 12926.
[20] D. Liguori, R. Centore, Z. Csok, A. Tuzi, Macromol. Chem. Phys. 205 (2004)
1058.
[21] E.C.E. Rosenthal, H. Cui, M. Mummert, Inorg. Chem. Commun. 11 (2008) 918.
[22] G.M. Meppelder, T.S. Halbach, T.P. Spaniol, R. Mülhaupt, J. Okuda, J.
Organomet. Chem. 694 (2009) 1235.
[23] (a) F. Wolff, C. Lorber, R. Choukroun, B. Donnadieu, Inorg. Chem. 42 (2003)
7839;
(b) C. Lorber, Pure Appl. Chem. 81 (2009) 1205;
(c) C. Lorber, E. Despagnet-Ayoub, L. Vendier, A. Arbaoui, C. Redshaw, Catal.
Sci. Tech. 1 (2011) 489.
[24] E.Y. Tshuva, I. Goldberg, M. Kol, Z. Goldschmidt, Organometallics 20 (2001)
3017.
[25] E.Y. Tshuva, S. Groysman, I. Goldberg, M. Kol, Z. Goldschmidt, Organometallics
21 (2002) 662.
[26] M. Lubben, B.L. Feringa, J. Org. Chem. 59 (1994) 2227.
296 J.-B. Wang et al. / Journal of Molecular Catalysis A: Chemical 398 (2015) 289–296
[27] I. Tritto, C. Marestin, L. Boggioni, L. Zetta, A. Provasoli, D.R. Ferro,
Macromolecules 33 (2000) 8931.
[28] A.L. Mcknight, R.M. Waymouth, Macromolecules 32 (1999) 2816.
[29] Y. Yoshida, J. Mohri, S. Ishii, M. Mitani, J. Saito, S. Matsui, H. Makio, T. Nakano,
H. Tanaka, M. Onda, Y. Yamamoto, A. Mizuno, T. Fujita, J. Am. Chem. Soc. 126
(2004) 12023.
[30] (a) L.M. Tang, J.Q. Wu, Y.Q. Duan, L. Pan, Y.G. Li, Y.S. Li, J. Polym. Sci. Part A:
Polym. Chem. 46 (2008) 2038;
(b) J.Q. Wu, L. Pan, N.H. Hu, Y.S. Li, Organometallics 27 (2008) 3840;
(c) J.Q. Wu, L. Pan, Y.G. Li, S.R. Liu, Y.S. Li, Organometallics 28 (2009) 1817;
(d) J.Q. Wu, L. Pan, S.R. Liu, L.P. He, Y.S. Li, J. Polym. Sci. Part A: Polym. Chem.
47 (2009) 3573.
